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Radiation Induced Change in Defect Density
in HfO -Based MIM Capacitors
Bing Miao, Rajat Mahapatra, Richard Jenkins, Jon Silvie, Nicholas G. Wright, and Alton B. Horsfall
Abstract—The effect of radiation-introduced defects on the be-
haviour of HfO -based metal-insulator-metal (MIM) capacitors as
a function of gamma-ray radiation dose from 10 to 1000 krad are
reported. Half the capacitors studied showed no degradation after
exposure to 1000 krad from a Co source, whilst the remaining
half showed no change to parameters, such as barrier height and
dielectric constant. For the good devices, the I-V characteristics are
controlled by Poole-Frenkel model, at a corresponding interface
trap energy of 0.39 0.46 eV before radiation and 0.37 0.44 eV
after 1000 krad. The failed devices show an substantial increase in
the trap density from the as fabricated level of   cm  to in
excess of    cm , in contrast to the good devices which show
almost no change. We relate this change in defect density to the
failure of devices by means of a percolation model, with a trap sep-
aration of around 2 nm.
Index Terms—Gamma-ray, hafnium oxide HfO , high- ,
metal-insulator-metal capacitors (MIM capacitors), radiation
damage.
I. INTRODUCTION
T HE International Technology Roadmap [1] indicates thatthe conventional dielectric materials currently in use will
be insufficient to sustain the aggressive scaling of metal-insu-
lator-metal (MIM) devices which are one of the most important
passive components used in RF MEMS switches [2]. The cur-
rently utilized thin films based on SiO and its nitrided deriva-
tives, exhibit excessive gate leakage currents which can lead to
extremely high power dissipation. A promising potential solu-
tion to this problem is the use of high dielectric constant ma-
terials which would allow for a physically thicker, but capaci-
tively equivalent, material to be used as the insulator. Possibly,
the leading high-k candidate is HfO due to its high dielectric
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constant ( 22) and band gap (5.7 eV) [3]. Meanwhile, MEMS
systems are receiving increasing interest for use in space sys-
tems. One particular area of interest is in picosats, 1-kg class
satellites. So very little shielding is afforded to the space radia-
tion environment [4]. Other applications for high-k MIM de-
vices is in decoupling and smoothing components for power
electronic converters. With the use of radiation tolerant wide
bandgap materials, which can operate in temperatures around
500 C, becoming a commercial reality, the ability to place these
passive components adjacent to the active devices gives far more
freedom to circuit designers. This will open up a number of ter-
restrial applications, in addition to the deployment in satellites.
The radiation response of HfO based MIM devices is thus
a topic of significant importance to the radiation effects com-
munity; however, our present understanding of the radiation
response of these devices is limited and few radiation tests
have been performed. Several studies suggest that, unlike the
conventional SiO and its nitrided derivatives case, electron
trapping in the HfO may be an important problem. Kang et al.
[5] reported that electron trapping dominates radiation induced
trapped charge build up in HfO based MOS structures. Felix et
al. [6] have reported electron trapping dominates the radiation
induced trapped charge build up under some processing condi-
tions. In contrast, Joshi et al. [3] imply that thermally grown
SiO based gate oxides in advanced commercial technologies
can be extremely radiation hard, with standing accumulated
doses in excess of 1 Mrad for MOS based devices.
Studies by Johnberson et al. [7], Zafar et al. [8], Ma et al. [9],
and Gusev et al. [10], which did not involve radiation damage,
also strongly indicate a dominant role for electron trapping in
HfO based devices. Thus, it is reasonable to believe that the ra-
diation response of HfO based devices will be fundamentally
different to that of conventional SiO and its nitrided deriva-
tives. Furthermore, a recent study by Ryan et al. [11] points
out that the observed irradiation induced defects include two
HfO trapping centers; an O coupled to a hafnium ion (clearly
an electron trap) and an oxygen vacancy (likely both an elec-
tron and a hole trap), which are intrinsic in nature (involving
only oxygen and/or hafnium atoms.). An electronic level un-
derstanding of the radiation response of the MIM device will
therefore be useful to process designers; both in assessing the
potential radiation hardness of the new technology and in opti-
mizing the radiation response of HfO based devices.
In this study, we have begun to develop an understanding
of the physical nature of HfO based MIM device radiation
damage. We have subjected thermally grown HfO devices to
1000 krad dose levels of Co gamma irradiation at room tem-
perature and have utilized electrical measurements to identify
0018-9499/$25.00 © 2009 IEEE
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Fig. 1. Schematic cross section of the metal—insulator—metal capacitors used
in this study.
radiation induced defect densities in these MIM structures. Be-
cause it is known that device characteristic shifts depend on
both radiation dose and on the gate oxide bias during irradia-
tion. We have investigated the behavior of the capacitors with
zero applied bias to remove the effects of charged defect migra-
tion under electric field. Hence we have investigated the failure
mechanism of the bulk material rather than the accumulation of
damage at the dielectric/metal interfaces.
II. EXPERIMENTAL DETAILS
The devices used in this study were ,
and cm MIM capacitors with 8.5 nm EOT
hafnium-dioxide gate insulators, as shown in Fig. 1. The phys-
ical thickness of the films is 35 nm and the dielectric constant
measured at 1 MHz is 16. The capacitors were built on 300 nm
Silicon-dioxide layer thermally grown on p-type Silicon (100),
with a doping concentration of cm . A 70 nm Platinum
layer with a 5 nm Titanium flash layer was deposited on the SiO
to act as the bottom electrode. Subsequently, HfO films were
grown by evaporating metallic hafnium in an electron beam de-
position system at a base pressure of mbar, followed
by thermal oxidation in dry O ambient at 500 C. Then, 100
nm Au/5 nm Cr was deposited and patterned for top electrodes
using contact photolithography, followed by wet etching for the
top electrodes and finally reactive ion etching was used to un-
cover the bottom electrode.
Irradiations were performed to a dose of 10 krad, 100 krad
and 1000 krad, incrementally, using a Co gamma-ray source.
A total of 21 identical capacitors were irradiated at zero
bias. These capacitors did not receive any post processing
anneals prior to irradiation. After each irradiation, the ca-
pacitance-voltage measurements (C-V) were performed on
these capacitors, using an HP4284A precision LCR meter at
frequencies between 10 kHz and 1 MHz. The leakage current
measurement was performed before and after total-dose radia-
tion at room temperature, which was measured using a Keithley
4200 semiconductor parameter analyzer.
During the irradiation process, 5 capacitors showed failure
after a total radiation dose of 10 krad (S-10), 5 capacitors after
100 krad (S-100) and 5 capacitors after 1000 krad (S-1000),
while 6 capacitors showed no evidence of failure after a total
radiation dose of 1000 krad (S-1110).
Fig. 2. DC bias dependence of normalized capacitance     at 1 M, 100 k
and 10 kHz for MIM capacitor without radiation.
III. UNIRRADIATED DEVICE CHARACTERISTICS
A control experiment was performed out on devices fabri-
cated in the same batch as those studied. In the control exper-
iment, the capacitance-voltage (C-V) measurement at 10, 100
and 1000 kHz and capacitance-frequency C measurements
between 10 k are 1 MHz were performed 20 times on each ca-
pacitor. The results show a change in the capacitance which is
less than 0.9%. There is no detectable tendency to fail with the
voltage levels used in the tests over the period of the investiga-
tions.
A. C-V Characteristics
Fig. 2 depicts the typical C-V curve of a MIM capacitor
before irradiation at room temperature. The capacitance was
measured with the DC bias swept from 3 V to 3 V at a rate of
0.25 with an AC signal of 10 kHz, 100 kHz, and 1 MHz,
respectively. These characteristics follow the well-known
parabolic voltage behavior of MIM capacitor structures. Since
the dielectrics involved in MIM capacitors comprise polar
molecules, this leads to a dielectric permittivity which depends
on the electric field . The variation of capacitance with bias
voltage may be described by [10]
(1)
where is the zero-bias capacitance at 1 MHz, the relative
variations of capacitance to the zero-bias capacitance, the
capacitance at electric field and and , the quadratic and
linear voltage coefficients, respectively.
The zero-biased capacitance density of 4.05
m yields dielectric constants of at 1 MHz for
these capacitors. The extracted voltage nonlinearities give
two different values for the forward and reverse C-V curves
( , forward voltage linearity; , reverse voltage linearity).
Reports in the literature state that the voltage nonlinearity is
dependent on the work function of metal contacts and improves
as the work function of metal increases. The values are
822 and 1503 at 1 MHz for the Pt bottom
contact and Au/Cr top gate, respectively. A voltage linearity
at 1 MHz of 1000 meets the ITRS requirement for a
bypass capacitor in RF applications. It is known that the metals
used in the capacitor fabrication have different work functions,
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Fig. 3. Frequency dependence of the dielectric constant for unirradiated MIM
capacitors.
, and . Therefore
the forward voltage linearity is lower than the reverse voltage
linearity.
The voltage linearity of capacitance increases with decreasing
frequency. This dispersive behavior of the MIM capacitor with
HfO dielectric is believed to relate to the existence of bulk-di-
electric traps near the dielectric/metal interface [12]. Different
traps will capture and generate carriers with different time con-
stants and hence strongly modulate the capacitance at certain
frequencies. When the frequency is decreased, a greater number
of the traps will be able to follow the ac signal, and therefore a
higher VCC is observed.
Fig. 3 shows dielectric constant of the HfO MIM capacitor as
a function of frequency at room temperature. The result shows
that the dielectric constant decreases monotonically from 19.4
to 16 as the frequency increases from 10 kHz to 1 MHz. The
dependence of capacitance on both voltage and frequency indi-
cates the existence of interface states and bulk defects. These
traps, which are located near the dielectric-metal interface re-
duces interface barrier height between the electrode and dielec-
tric film and result in higher voltage and frequency dispersion.
To explain these variations, several models are proposed
[14]–[16]. We show that the electrode polarization model offers
a high quality fit to our experimental results of HfO MIM ca-
pacitors. This model considers the mobile charge carriers which
create the electrode polarization and relate these to oxygen
vacancy type defects in the dielectric, as oxygen vacancies are
the dominant intrinsic defect in the bulk of many transition
metal oxides [11]. Electrode polarization is a mechanism in
which the mobile carriers form an accumulation layer (space
charge region) at the electrodes leading to a voltage dependent
double-layer capacitance. Thus the contacts between the di-
electric layer and electrodes are blocking contacts which are
characterized by a space charge region close to the electrodes.
The mobile carriers involved in the formation of the double
layer are considered to be free electrons that are injected at
electrodes or to be oxygen vacancies that are created during
oxide growth. Thus this model is based on the fact that oxygen
vacancies are at the origin of a double layer. This model is
expressed as [16]
(2)
where is the capacitance in the absence of electrode polar-
ization and can be expressed as , the elec-
trode area, an exponent introduced to account for departures
from Debye’s law, the angular frequency of the AC signal and
, the film thickness.
The parameters and can be expressed as
(3)
where is an intrinsic relaxation time constant,
(4)
is the blocking parameter which accounts for electrode trans-
parency and is the Debye length, expressed as
(5)
where is the density of mobile charge carriers.
In (4), is the conductivity, which can be expressed as
(6)
which introduces effect of high electrical field, as conductivity
is proportional to mobility which is field acti-
vated. is the hopping distance of mobile charges.
For ohmic contacts, which are strongly injecting contacts
under AC conditions, approaches infinity and so we can
make the approximation and so we find that ,
indicating that there is no space charge formation at the
metal-dielectric interface. On the contrary, for blocking con-
tacts, there is no charge transfer at the electrodes, hence is
small and we can make the approximation that , and
the effect of space charge is important. The key assumption to
ascribe C-V nonlinearity to a double-layer capacitance was to
consider that relaxation time constant of the double layer
shortens as the DC bias increases. Since the relaxation time
constant is proportional to the conductivity , this is
equivalent to the observation that the conductivity increases
with bias.
By approximating [16] the relative variation in ca-
pacitance is given by
(7)
According to (2) and (7), decreases as frequency in-
creases ( with ). The capacitance at constant
voltage as a function of frequency has been
plotted in Fig. 4. The slope of the curve in gives the value of ,
which is 0.40 for the as fabricated capacitor.
An exponential fit to gives the exponential factor
, and hence the hopping distance can be eval-
uated using the value of . The obtained hopping dis-
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TABLE I
COMPARISON OF PARAMETERS DESCRIBING THE VOLTAGE DEPENDENCE OF MIM CAPACITOR PRE- AND POST-IRRADIATION
Fig. 4. The logarithmic relative capacitance as a function of logarithmic fre-
quency.
tance (shown in Table I) is greater than the inter-atomic distance,
which indicates that the mobile charges used in this model are
electronic in nature [16]. The density of defects in the dielec-
tric film may be then extracted using and then the
Debye length is calculated using (5). DC conductivity experi-
ments ( characteristics) give as a function of electric
field and we set the electric field to 1 MV/cm to calculate the
conductivity in our devices.
Hence the energy blocking parameter is the only adjustable
parameter in (7). Given the parameters in (6), the relative vari-
ations of capacitance for both capacitors with HfO thin films
have been calculated as shown by the solid lines in Fig. 5. It
can be observed that the electrode polarization model fits the
experimental data well for the capacitor at room temperature.
According to work of Beaumont and Jacobs [17] the energy
blocking parameter, , can be expressed as
(8)
Fig. 5. Relative variation of capacitance as a function of electric field and the
calculated values using the electrode polarization model.
where is the jumping distance and the jumping frequency
from bulk to the interface respectively, the interface energy
barrier height, and D the bulk diffusion coefficient, which may
be expressed as . We have used the same value
of Hz for HfO as used in our previous study [18].
Taking nm, , Hz,
, cm and
, we obtain which can be viewed
as the effective barrier at the electrode for AC charge transfer.
B. I-V Characteristics
The DC conduction mechanisms have been studied by
measuring current-voltage characteristics on the as
fabricated capacitor at temperatures between room temperature
and 125 C, as shown in Fig. 6. A significant temperature
dependence of the current-voltage characteristics for capac-
itors suggests that Poole-Frenkel emission is responsible for
the observed data. The Poole-Frenkel effect is caused by the
field-enhanced emission of carrier from traps in the dielectric.
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Fig. 6. I-V characteristics for capacitors pre and post irradiation as a function
of temperature.
Fig. 7. The logarithmtic leakage current density as a function of 1/T.
This is a bulk-limited current and is controlled by the existence
of defects in the bulk of insulator [19]. The current from the
Poole-Frenkel effect may be expressed as
(9)
where is the energy separation between the trap and the con-
duction band, the maximum electric field at the interface,
the zero bias conductivity and the dynamic high-frequency
dielectric constant.
The dynamic high-frequency dielectric constant is extracted
from the barrier lowering by means of ,
(10)
A plot of versus results in a straight line
with a gradient of . All the other parameters in (10) are
known, with the exception of the dynamic dielectric constant
. Using the experimental data, can be extracted and is
then used to calculate the refractive index of the dielectric
by equating . The extracted refractive index is in the
range 2 3 for the as fabricated capacitors, which is close to
the theoretical value of the dynamic dielectric constant for HfO
(2.9 3.6) [20].
Further, Fig. 7 shows a plot of versus , which is fitted
with a straight line at different electric field for the as fabri-
Fig. 8. Capacitance density as a function of irradiation dose.
Fig. 9. Dielectric constant as a function of frequency before and after irradia-
tion.
cated capacitors [21], which confirms that the leakage current
density in MIM capacitors is dominated by Poole-Frankel con-
duction mechanisms. Hence, the leakage current is controlled
by existing defects in the bulk of the HfO . The magnitude of
the leakage current depends on the possibility and amount of
the carriers that can detrap from the trap centers (defects) to the
conduction band. Using a value of , the calculated trap
level energy is 0.39 0.46 eV for the as fabricated capacitor
structures.
IV. IRRADIATED DEVICE CHARACTERISTICS
After irradiation, some of the devices showed little change,
whereas some showed characteristics of failure.
A. Good Devices
The values of capacitance voltage linearity (VCC) in-
crease on irradiation. For the capacitor which was opera-
tional after 1000 krad total dose, the pre irradiation VCC of
(forward) and 1503 (reverse)
rises to (forward) and 1582
(reverse) at 1 MHz. The capacitance density decreases by
3.5% in comparison to the pre-irradiated values for frequencies
between 10 kHz and 1 MHz. The frequency dependence of the
dielectric constant for the same capacitor is shown in Fig. 9.
The observed change in dielectric constants after irradiation at
doses of 10, 100 and 1000 krad is lower than the uncertainty in
the measurement (1%).
In order to quantify the effects of irradiation, the defect con-
centration and interface barrier heights for the irradiated capaci-
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Fig. 10. Capacitance density as a function of electric field and their calculated
values using the electrode polarization model.
Fig. 11. I-V characteristics for capacitors pre and post irradiation as a function
of temperature.
tors are extracted using the electrode polarization model, which
is detailed in Section III. The capacitance as a function of elec-
tric field have been calculated for as fabricated and 1000 krad
post-irradiation, as shown by the solid lines in Fig. 10. It can
be observed from Fig. 10, that both data sets can be fitted using
the electrode polarization model. As listed in Table I, the en-
ergy barriers at the metal-dielectric interface are 0.69 eV (as
fabricated) and 0.65 eV (post irradiation). The energy blocking
parameter for the contacts is 9.8 before and 12.8 after irra-
diation at a total dose of 1000 krad. The small change in barrier
height suggests that the radiation changes the interface trapping
properties of the dielectric at the interface with the metal con-
tacts. The observed variation in the extracted bulk diffusion co-
efficient , is three times higher than the value extracted from
the as fabricated devices. During irradiation, a greater number
of unrecombined charge carriers become trapped near the metal-
oxide interface and these carriers are known to be linked to
the radiation-introduced interface trap formation in devices with
HfO as the dielectric [22].
Fig. 11 shows the leakage current density as a function of
temperature of the MIM capacitors pre- and post-irradiation at
a total dose of 1000 krad. It has been observed that the leakage
current density is only slightly influenced by gamma radiation.
After irradiation, the leakage current density of the HfO film
was observed to be higher than the leakage current density of
Fig. 12. I-V characteristics for capacitors pre and post irradiation as a function
of temperature.
the as fabricated devices by less than one order of magnitude.
The temperature dependence of the current-voltage characteris-
tics for the post-irradiated capacitors (shown as a dashed line in
Fig. 11) indicates the calculated Poole-Frankel leakage current
for the irradiated capacitor.
From the slope of the logarithm of leakage current, ,
as the a function of in Fig. 12, we calculate the value
for high frequency dielectric constant following the method out-
lined in Section III. From the data, the extracted refractive in-
dexes are in the range of 1.7 2 for the post-irradiated capac-
itors, compared with 2 3 for the as fabricated pre-irradiated
over the temperature range studied. The increase in leakage cur-
rent is caused by defects in the dielectric generated during the
irradiation process. Using (9) and a value of , the cal-
culated trap level energy is 0.37 0.44 eV for the capacitor
pre irradiation. This result is in good agreement with our C-V
results, the slight reductions of both ac and dc barrier heights
after radiation suggest the generation of more defects by radia-
tion near the metal-oxide interface.
B. Failed Devices
Not all the devices investigated in this study were fully op-
erational after the radiation exposure. Of the 21 devices tested,
six showed no failure after 1000 krad, whereas 5 showed failure
after 10 krad, 5 after 100 krad and a further 5 after 1000 krad.
Those devices which were considered to have failed showed a
substantial drop in the measured capacitance and a conductance
of , which is the limit of the Agilent 4284 LCR bridge
used in the measurements.
The change of capacitance for failed devices is shown in
Fig. 13 as a function of the radiation dose at failure. For the
failed devices, the capacitance density decreases by 85 35%,
when the conductance increases to , which is 100 times
greater than its initial value. This is due to the degradation of a
MIM capacitor caused by the gamma radiation, which produces
frenkel pairs in the dielectric. The capacitance measured by the
Agilent 4284 A is influenced by the dramatic increase in the
conductivity, according to [23]
(11)
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Fig. 13. Change of capacitance in percentage after failure at different irradia-
tion doses.
where is the true capacitance of the deice, the measured
result, the conductance and the series resistance.
When becomes large (as is observed in the failed devices)
then effect of the series resistance is amplified and so the value
of decreases and becomes more voltage dependent [24]. Be-
cause the value of the conductivity is limited by the capabili-
ties of the system we have not attempted to calculate the cor-
rected capacitance for these devices, only to use the substantial
decrease as a metric to observe failure.
Recently reported results on HfO based MOS structure state
that there are atomic scale differences between radiation damage
in conventional Si/SiO devices and the new Si/dielectric de-
vices based upon HfO [11]. There are 3 defects responsible
for the post-irradiation variation: interface trapping centers, an
O /hafnium ion trap in the HfO (which is an electron trap)
and oxygen vacancies. Both the O /hafnium ion trapping
centers and oxygen vacancies are intrinsic defects [25].
The measured frequency dependence for the capacitors after
the total radiation dose of 1000 krad is shown in Fig. 14. The
capacitance measured at different frequencies between
100 k and 1 MHz are normalized to the capacitance at
1 MHz for two different electric fields 0.28 MV/cm (Fig. 14(a))
and 1.42 MV/cm (Fig. 14(b)). The data in the figure shows
the effects of failure at the radiation dose of 10 krad shows
the strongest frequency dependence; however, all the capacitors
give a similar trend after failure.
At low electric field, (0.28 MV/cm) the failed devices all
show an increased capacitance at low frequencies, which de-
creases monotonically with increasing frequency, until 300 kHz.
Above this frequency the capacitance rises to the value shown
by the non failed devices. This behavior is due to the contribu-
tion of the dipolar relaxation to the capacitance [11], which has
been shown to be important in ferroelectric crystals and con-
tribute strongly to their non-linear dielectric response. To illus-
trate this, the capacitance-frequency dependence at high electric
field (1.42 MV/cm) was measured, as shown in Fig. 14(b) and
no depolarization effects can be observed.
There is a noticeable increase in capacitance at a frequency of
around 60 kHz at high electric fields, for all the failed capacitors.
This is linked to the traps responsible for the failure of the de-
vice, which were generated by the radiation as there is no pulse
shown on the capacitor which was operable after the irradiation
Fig. 14. Normalized capacitance as a function of frequency at a bias of
(a) 0.28 MV/cm and (b) 1.42 MV/cm.
over the whole frequency range. In MIM capacitors, this mono-
tonic frequency dispersion is related to the existence of bulk-di-
electric traps near the metal-oxide interface [11]. Higher varia-
tion of the capacitance at each frequency suggests a greater con-
centration of defects present near the metal-oxide interface and
this results in the stronger frequency dependence. This increase
in defect density in the dielectric, close to the metal-oxide inter-
face, is believed to be the main cause of the failure at low total
dose. This frequency-dependent behavior of MIM capacitor is
dominated by the properties of the interface and is consistent
with the previous analysis used for the capacitance—voltage
characteristics.
The failure at the lowest radiation dose (10 krad) is related
to the defects formed during the fabrication processes. These
devices have a higher defect density in the dielectric in com-
parison to the devices which show failure at higher total dose.
Additional frenkel pair defects generated after irradiation with
10 krad resulted in the total defect concentration reaching a crit-
ical condition and causing the failure of the device.
The defect density for the capacitor pre-, post-irradiated and
failed is estimated using the model outlined earlier ((2)–(7)). As
discussed previously, the key assumption to describe the C-V
nonlinearity using the electrode polarization model is to con-
sider the shift of relaxation time toward high frequencies
as the bias increases. The value of the carrier lifetime used
in the equations is proportional to conductivity and so the ob-
served increase in conductivity with bias results in the rise in
relaxation time. The electrode polarization model is built on the
assumption that under the influence of an ac field, an excess
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Fig. 15. Defect density as a function of dose at 1 M, 100 k and 10 kHz, respec-
tively.
charge density accumulates at the electrodes [16] and that the
charge transfer rate is low in comparison to the excitation fre-
quency. This is a reasonable assumption as the charge transfer
is controlled by tunneling injection, which is a relatively slow
process.
The carrier relaxation frequency is related to the relaxation
time constant, using ; hence the injection process
is slow and only the ac space charge builds up at electrodes at
the high frequencies used in the measurements.
Considering carrier tunnelling distances around 20 [14], we
calculate the relaxation frequency to be 1 kHz (corresponding
to a relaxation time constant of ) which is lower
than the frequencies used [26]. However, with an increase in
relaxation frequency in the failed capacitors, the validity of the
condition may change, so we evaluate the relaxation
frequency by normalizing the capacitance to that measured at
10 kHz and using (2).
The corresponding relaxation frequencies are 1.2 kHz for ca-
pacitors without failure and 10 kHz for capacitors after failure.
We compare the defect densities extracted using the electrode
polarization model at 1 M, 100 k and 10 kHz and these are
shown in Fig. 15. From the data in the figure, we can see that
the capacitor fails when the defect density exceeds cm .
It should be noted that the trap concentration at a frequency of
10 kHz after failure is lower than this threshold. For the capac-
itors which showed failure at a dose of 10 krad and 1000 krad
the calculated trap concentrations are around cm ,
much lower than the concentration estimated at higher frequen-
cies, which is in excess of cm . As more traps are gener-
ated during the irradiation, the Debye length and hopping dis-
tance both reduce and so the relaxation frequency increases to
10 kHz. Thus the electrode polarization model is no longer able
to accurately calculate the defect density at low frequencies and
so the extracted values shown in Fig. 15 are lower than those for
higher frequencies.
The hopping distances extracted from the before and after
data for all capacitors studied, are much higher than inter-atomic
distances, which implies that the mobile charges are electronic
in nature [12] even for devices showing failure. It is worth
noticing that the mechanisms of HfO charge build up in the
oxide appears to be different than that observed in SiO based
dielectrics and the relationship between oxide charge trapping
and failure is still not clear.
Fig. 16. Forward leakage current density measured after irradiation test.
Fig. 16 shows the leakage current densities at room temper-
ature for the capacitors which showed failure at different total
radiation dose. From the figure, it may be observed that there
is no significant difference in the leakage current densities for
different failure dose. All capacitors which failed show high
leakage current density in comparison to the capacitor without
failure, which gives a low leakage current density even after ir-
radiation. The observed change in leakage current density after
radiation indicates an increase in the density of traps generated
during the radiation exposure.
The increase in trap density in the dielectric is responsible
for the increased conduction. Once the density exceeds a critical
value, carriers can hop between proximate traps and a conduc-
tive path forms between the electrodes. This conduction through
a series of conducting pathways is consistent with a percola-
tion type behavior [27], [28]. The observed behavior may be
explained by the fact that the traps have to be located close to-
gether in order to form a percolative path between the capacitor
electrodes. Analysis of ultra thin oxides suggests that distance
between adjacent traps is of the order 0.4 nm [27], however in
our case with substantially thicker oxides, we calculate that the
traps are separated by around 2 nm, based on the extracted trap
density and the hopping distances listed in Table I. The distribu-
tion of the charge to failure (and hence early failures of some of
the devices) is consistent with the statistical nature of this failure
mechanism [29] and the random distribution of defects from the
fabrication process.
V. CONCLUSIONS
The effect of radiation on electronic devices is an impor-
tant concern for the use of advanced high dielectric constant
(high-k) materials in future generations. Our observations in-
dicate that a number of areas of investigation may be required
before HfO based MIM technology is ready for the harsh en-
vironments encountered in space exploration. For the devices
which were still operable after a total dose of 1000 krad, the pa-
rameters describing the behavior of the capacitor showed only
a small change to those for the as fabricated devices. However,
a number of devices showed a dramatic decrease in capacitance
in conjunction with a large rise in leakage current after expo-
sure to radiation, which we consider to be a sign of failure for
the device.
The trapped charge density is very sensitive to the oxide
growth process and the experimental results show that an
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increased concentration of defects generated during oxide
growth process in comparison to a conventional SiO process.
radiation creates further oxide charges and interface traps
which result in the failure behaviour once the defect density
exceeds cm . We explain this change in behavior by
means of a percolation model once the critical trap density of
cm is reached.
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